Abstract. Brown adipose tissue (BAT) has profound effects on body weight and metabolism in rodents. Recent reports show that human adults have significant amounts of BAT. Our aim was to study the gene expression profile of human BAT. Biopsies of adipose tissue with brown-red color and subcutaneous white adipose tissue (WAT) were obtained from 24 patients undergoing surgery in the thyroid region. Intrascapular BAT and epididymal WAT biopsies were obtained from 10 mice. Expression was analyzed by DNA microarray, real-time PCR and immunohistochemistry. Using the expression of the brown adipocyte-specific gene uncoupling protein 1 (UCP1) as a marker, approximately half of the human brown-red adipose tissue biopsies taken in the thyroid region contained BAT, and the presence of cells with brown adipocyte morphology was also verified by histology. Microarray analysis of 9 paired human BAT and WAT samples showed that 17 genes had at least a 4-fold higher expression in BAT compared to WAT and five of them (CKMT1, KCNK3, COBL, HMGCS2, TGM2) were verified using real-time PCR (P<0.05 for all). In addition, immunohistochemistry showed that the UCP1, KCNK3 and CKMT1 proteins are expressed in brown adipocytes. Except for UCP1 and KCNK3, the genes overexpressed in human BAT were not overexpressed in mouse BAT compared to mouse WAT. Our analysis identified genes that are differentially expressed in human BAT compared to WAT. The results also show that there are species-specific differences in BAT gene expression and this emphasizes the need for further molecular characterization of human BAT to clarify the mechanisms involved in regulated heat production in humans.
Introduction
There are two types of adipose tissue, white (WAT) and brown (BAT) adipose tissue, that have different biological roles. WAT is the main site for energy storage and it is also an important endocrine organ that signals to other tissues via the release of adipokines (1) . The main role of BAT appears to be the maintenance of body temperature by converting chemical energy to heat through the uncoupling of oxidative phosphorylation (2) .
In humans, WAT is an easily accessible tissue that has been subjected to intensive research because of its proposed role in obesity and metabolic dysfunction. Human BAT, on the other hand, has been regarded as a tissue that is only present in small children and at anatomical sites that are difficult to reach. A few older studies have shown that BAT is present in some adult humans (3, 4) . However, these findings have largely been ignored and it has been generally accepted that BAT disappears early in life and therefore lacks importance in human adults. A number of recent reports have challenged this idea and it is now evident that many adults have significant amounts of BAT (5) . Using uptake of labeled glucose in combination with positron emission tomography (PET), BAT has been detected in adult humans, and cold exposure has revealed that this tissue can be activated (5, 6) . BAT activity appears to be higher in lean than in obese subjects (7, 8) and correlates with resting metabolic rate (8) , suggesting that BAT may be a hitherto unrecognized regulator of adult human metabolism and energy expenditure.
At the molecular level, extensive studies in rodents have highlighted the key role of uncoupling protein 1 (UCP1) in brown adipocytes. UCP1 uncouples the ATP synthase and provides an alternative pathway by which protons can reenter the mitochondrial matrix to generate heat (9) . In rodents, UCP1 is exclusively expressed by brown adipocytes and UCP1 expression is widely used as a marker of BAT (10) . Recent reports show that UCP1 is also highly expressed in human BAT and immunohistochemistry has confirmed that UCP1 protein expression is localized to cells with brown adipocyte morphology (11, 12) .
In addition to UCP1, studies in rodents have pinpointed several other genes of importance for the development and function of BAT, such as FOXC2 (13) , PGC-alpha (14) , PRDM16 (15,16), DIO2 (17), ADRB3 (18) and BMP7 (19) .
The expression of some of these genes has been confirmed in human BAT (11) , suggesting that there are similarities in BAT function between humans and rodents. However, the molecular characterization of human BAT has only begun. The present study was, therefore, undertaken to explore gene expression in human BAT.
Materials and methods
The regional ethics committee in Gothenburg approved these studies. All study subjects received written and oral information before providing written informed consent.
Subjects and samples. Twenty-four patients scheduled for surgery in the thyroid region were included in this study (Table I) . Biopsies of adipose tissue of brown-red color were obtained from an area close to the isthmus region of the thyroid gland. Some biopsies were cut in half to allow for both histological/immunohistochemical evaluation and expression analysis. In each patient, biopsies were also taken from the subcutaneous depot in the surgical incision area and were referred to as WAT.
Histology and immunohistochemistry. Biopsies were fixed overnight at 4˚C in a solution containing 4% formaldehyde in 0.1 M phosphate buffer, pH 7.0, embedded in paraffin, sectioned and stained with hematoxylin and eosin. For immunohistochemistry, sections were deparaffinized and rehydrated. Antigen retrieval was performed using the 2100 Retriever (Biocare Medical, Concord, CA, USA). Staining was performed using the Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) and antibodies against UCP1 (1:1500, Sigma Aldrich, St. Louis, MO, USA), KCNK3 (1:25, Sigma Aldrich), or CKMT1A (1:1300, ProteinTech Group, Chicago, IL, USA).
Mouse adipose tissue. Paired biopsies of epididymal WAT and intrascapular BAT were obtained from ten female C57BL/6 mice (13 week-old) fed regular chow diet.
RNA preparation and DNA microarray analysis. Samples for RNA preparation were snap frozen in liquid nitrogen, and stored at -80˚C until analyzed. Total RNA was prepared using the phenol-chloroform extraction method of Chomczynski and Sacchi (20) . After further purification with RNeasy clean-up columns (Qiagen), the RNA concentration was measured spectrophotometrically. Gene expression was evaluated using the Human Genome U133Plus2.0 DNA microarray (Affymetrix). Preparation of cRNA and hybridization were performed according to standard Affymetrix protocols as previously described (21) .
Microarray data mining. Genes specifically expressed in human BAT compared to WAT were identified as those with a BAT/WAT signal ratio >4 and a P<0.01 in a paired student t-test (two-sided). When multiple probes for the same gene were present, the probe with the highest expression in BAT was used for the analysis.
Real-time PCR analysis of gene expression. Reagents for real-time PCR analysis of human UCP1 (Hs00222453_m1), KCNK3 (Hs00605529_m1), CKMT1A/1B (Hs00179727_m1), COBL (Hs00391205_m1), HMGCS2 (Hs00194145_m1), TGM2 (Hs00190278_m1) and the endogenous reference genes RPLP0 (Hs99999902_m1) (Assays-on-Demand, TaqMan Reverse Transcriptase reagents, and TaqMan Universal PCR Master Mix) were from Applied Biosystems (Foster City, CA) and used according to the manufacturer's protocol. cDNA corresponding to 5 ng of RNA per reaction was used for realtime PCR analysis. Specific products were amplified and detected with the ABI Prism 7900HT sequence detection system (Applied Biosystems) using default cycle parameters. A standard curve obtained by serial dilution of pooled adipose tissue cDNA was plotted for each primer-probe set. All standards and samples were analyzed in triplicate. Mouse RNA was analyzed as described above using assays for Ckmt1 (Mm00438216_m1), Kcnk3 (Mm00807036_m1), Cobl (Mm00552805_m1), Tgm2 (Mm00436980_m1) and Hmgcs2 (Mm00550050_m1). The TATA box-binding protein (Tbp, Mm00446971_m1) was used as the endogenous reference gene (16) .
Statistical analysis. Differences in gene expression between BAT and WAT were analyzed by paired Student's t-test (two-sided). P-values of <0.05 were considered statistically significant. Table I . Patient characteristics. 
Results

Characterization of human perithyroid adipose tissue biopsies.
Paired adipose tissue biopsies with brown-red appearance from the perithyroid region and s.c. WAT were obtained from 24 patients undergoing surgery in the thyroid region. Histological examination showed the presence of cells with brown adipocyte morphology dispersed between white adipocytes ( Fig. 1 ) in biopsies with brown-red appearance. To verify the presence of brown adipocytes, the expression of the BAT-specific gene UCP1 was analyzed in all biopsies. UCP1 expression was undetectable in all WAT samples (data not shown). In approximately half of the brown-red biopsies, UCP1 expression was clearly detectable (Fig. 2) , and for the purpose of this study, biopsies were classified as BAT if UCP1 expression was >0.5 relative to the reference gene RPLP0.
Gene expression in BAT.
To identify genes that are differentially expressed in human BAT and WAT, samples from patient nos. 1, 2, 4, 9, 15, 16, 18, 23 and 24 were analyzed by microarray (Table I ). This analysis confirmed that the UCP1 gene was overexpressed (>60-fold, Table II) in samples classified as BAT. Further analysis of the expression profiles, using the criteria described in Materials and methods, showed that 16 other genes were also expressed at higher levels in BAT compared to WAT samples (Table II) . According to Gene Ontology (GO) analysis (www.ncbi.nlm.nih.gov/gene; accessed 2010-04-07), five of these genes encode proteins that have their main function in mitochondria, three encode proteins localized to the plasma membrane and three encode secreted proteins (Table II) .
To verify the microarray data, five of the genes (KCNK3, CKMT1A/B, COBL, TGM2, HMGCS2) were analyzed by real-time PCR in paired BAT and WAT samples from patient nos. 1, 2, 4, 7, 9, 10, 14, 15, 16, 18, and 23 (Table I ). The results confirmed that the expression of these genes was at least 4-fold higher in BAT compared to WAT (Fig. 3A and B) . Table II . Genes overexpressed in human BAT compared to WAT. 
-----------------------------------------------------------------------------------------------------Gene title Gene symbol Signal ratio a P-value GO cellular component -----------------------------------------------------------------------------------------------------
----------------------------------------------------------------------------------------------------a Calculated as mean BAT microarray signal/mean WAT microarray signal. NA, not available -----------------------------------------------------------------------------------------------------
Analysis of the mouse homologues of these genes in mouse BAT and WAT samples showed that Kcnk3 is overexpressed also in mouse BAT (Fig. 3C) . However, in contrast to the expression pattern found in human samples, Cobl, Ckmt1, Tgm2 and Hmgcs2 expression was significantly higher in mouse WAT compared to BAT (Fig. 3D) .
Immunohistochemical analysis of UCP1, KCNK3 and CKMT1A/B. To confirm that the overexpression of KCNK3 and CKMT1A/B in human BAT was due to their expression in brown adipocytes we performed immunohistochemical analysis. Using antibodies against UCP1, KCNK3 and CKMT1A/B, intensive staining was observed in cells with brown adipocyte morphology compared to white adipocytes on the same sections (Fig. 4) and in the negative control sections where the primary antibody was omitted (data not shown).
Discussion
Research efforts to understand the cause of obesity and related metabolic diseases have been focused on the cross-talk between WAT, liver, skeletal muscle, pancreas and the central nervous system. Recent reports describing the surprisingly large amount of BAT in human adults introduces a new player on this scene (5, 7, 8, 11) . The belief that BAT disappears soon after birth in humans has led to the assumption that mitochondrial uncoupling and regulated heat production are unimportant in human adults. Instead, recent results indicate that human BAT may contribute to whole body metabolism in adults (8) . However, the magnitude of its impact and the mechanisms involved are far from clear.
Brown adipocytes are specialized cells that express UCP1 and therefore, have the ability to uncouple the mitochondrial oxidative phosphorylation from ATP production and to dissipate energy as heat (10) . Using UCP1 as a marker for brown adipocytes, we found that adipose tissue biopsies from the perithyroid region contained significant amounts of BAT. This is in line with the study by Zingaretti et al in which adipose tissue biopsies obtained during surgery in the thyroid region displayed distinct islands of UCP1 immunoreactive brown adipocytes (12) . In our samples, there was a mixture of brown and white adipocytes, and this has also been observed in other studies on human BAT (8, 11, 12) and in a human brown adipocyte tumor (hibernoma) (22) . Thus, it is difficult to obtain samples of human BAT that are free from white adipocytes, and this complicates the characterization of human BAT gene expression. Microarray analysis detects signals derived from all cell types in the samples. To identify BAT specific genes, we therefore compared microarray expression profiles from UCP1-positive BAT samples with UCP1-negative WAT samples from the same patient. This approach identified several genes that were highly expressed in human BAT and expressed at much lower levels in human WAT, suggesting that they are involved in processes that occur specifically in the human brown adipocyte. This idea was supported by our GO analysis, which showed that several of the genes have their main function in mitochondria. In addition, the immunohistochemistry showed that genes that were highly expressed in our human BAT samples (UCP1, KCNK3 and CKMT1A/B) were indeed produced in brown adipocytes.
So far, essentially all knowledge on BAT function and development is derived from small mammals where it is well established that BAT is a key metabolic tissue throughout life that helps to maintain body temperature and which regulates energy expenditure and affects body weight (10) . Such studies have clarified the uncoupling process and have started to unravel the cellular precursors and differentiation process of brown adipocytes (10) . In contrast, very little is known about human BAT at the molecular level. However, using biopsies from three human subjects, Virtanen et al measured the expression of DIO2, PGC-alpha, PRDM16 and ADRB3, genes implicated in BAT function in mice, and found higher expression in human BAT compared to WAT (11) , suggesting similarities between humans and rodents. However, in our study DIO2, PGC-alpha, PRDM16 and ADRB3 did not fulfill the stringent selection criteria for BAT specific genes although they tended to be more highly expressed in human BAT compared to human WAT (data not shown). Furthermore, several of the human BAT genes that we identified had higher expression in WAT compared to BAT in the mouse, emphasizing that there are species-specific differences in BAT gene expression.
Despite intensive research, there is still no efficient medical treatment for obesity and bariatric surgery is currently the only option to obtain long-term weight loss in obese patients (23) . Non-surgical treatments are urgently needed and stimulation of adaptive thermogenesis is an attractive strategy to increase energy expenditure. The idea to increase the uncoupling process to burn off excess calories as heat is not new. The mitochondrial uncoupling agent 2,4-dinitrophenol was used extensively in the 1930s to treat obesity because of its ability to increase metabolic rate. Although this treatment was discontinued because of side-effects (24) , it reduced body weight and therefore, provides proof-of-concept for controlled targeting of mitochondrial uncoupling. Increased heat production at the expense of energy storage in WAT may be achieved either by stimulating existing BAT or by the induction of more brown adipocytes. BAT is activated by cold, a function mediated by the sympathetic nervous system via the ß-3 adrenergic receptor in rodents (10) . The pharmaceutical industry has developed agonists of the ß-3 adrenergic receptor based on the assumption that such compounds would also increase energy expenditure in man. Although agonists of this receptor effectively reduce obesity in rodents, they have failed in clinical trials (25) . Such failures, together with our observations that there are species-specific differences in BAT gene expression, suggest that research on human samples is needed to clarify the molecular mechanisms that could be used for drug development (26) .
In conclusion, we have identified genes that are differentially expressed in human BAT and WAT and we show that there are species-specific differences in BAT gene expression. Our results highlight the importance of the molecular characterization of human BAT in order to understand its function and to identify mechanisms that can be used for the development of anti-obesity drugs that increase energy expenditure.
